We have developed a process to fabricate suspended graphene devices with local bottom gates, and tested it by realizing electrostatically controlled pn junctions on a 
We have developed a process to fabricate suspended graphene devices with local bottom gates, and tested it by realizing electrostatically controlled pn junctions on a suspended graphene mono-layer nearly 2 µm long. Measurements as a function of gate voltage, magnetic field, bias, and temperature exhibit characteristic Fabry-Perot oscillations in the cavities formed by the pn junction and each of the contacts, with transport occurring in the ballistic regime. Our results demonstrate the possibility to achieve a high degree of control on the local electronic properties of ultra-clean suspended graphene layers, a key aspect for the realization of new graphene nanostructures. The fabrication process is illustrated schematically in Fig. 1 . The first step consists in preparing the bottom gates in the desired configuration -in the present case, a simple single strip-on a doped silicon substrate covered with 300 nm SiO 2 , by using conventional techniques (electron-beam lithography, Ti/Au evaporation, and lift-off). Next, a 450-nmthick layer of polydimethylglutarimide (PMGI)-based lift-off resist (LOR, MicroChem) is spun onto the substrate ( Fig. 1(a) ). LOR resist is chosen because it is not only compatible with all subsequent micro-fabrication processes, but also it can be exposed with an electron beam and developed away to suspend graphene at the end of the fabrication process.
16-18
As a second step, a graphene flake is transferred onto the LOR layer, and positioned on to the bottom gate ( Fig. 1(b) ). To this end, we adapted a technique developed to fabricate graphene/hBN heterostructures. 3 Specifically, graphene is exfoliated using an adhesive tape and placed on a different substrate, previously coated with a layer of water soluble polymer (a 9 wt.% poly(4-styrenesulfonic acid) solution in water) and a layer of PMMA. 19 After the desired flake is identified under an optical microscope, the substrate is immersed in water, causing the water-soluble polymer to dissolve and the PMMA to float. The floating PMMA is retrieved using a plastic support, which is then mounted onto a micro-manipulator under an optical microscope. This enables the graphene flake to be transferred onto the LOR, aligned to the bottom gate with a precision of a few microns ( Fig. 1(b) ). After securing it by heating at 105 ℃ for 40 minutes, the flake is contacted with Ti/Au electrodes (10/60 nm thick) defined by conventional electron-beam lithography, metal evaporation, and lift-off (for PMMA on LOR, development and lift-off are done using Xylene, [16] [17] [18] at room temperature and ∼90 ℃, respectively). In the final step, the LOR under the graphene layer is exposed with an electron beam ( Fig. 1(c) ) and developed away to achieve the suspension ( Fig. 
1(d)).
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We have applied this technique to suspend a 1.8 µm long graphene monolayer over a Empty squares show data taken at different values of n 1 ; the broken line represents the values of
bottom gate that overlaps with about half of the suspended length (see Fig. 1(e) ). By screening the potential generated by a voltage applied to the conducting Si substrate, the bottom gate defines two regions (1 and 2, see Fig. 1(f) ), whose carrier density and type can be controlled by applying voltages to the doped silicon substrate (V 1 ) and to the local gate itself (V 2 ). Transport measurements as a function of V 1 and V 2 were performed in a Heliox He 3 system to characterize the device at different magnetic field (B), bias (V DC ), and temperature (T ). Prior to the measurements, the device was annealed at 4.2 K by passing 4 a sufficiently large current through the graphene flake. When V 1 and V 2 are biased with opposite polarity to create a pn junction, the resistance doubles as compared to when no pn junction is present (compare, e.g., the resistance for n 1 < 0 and n 1 > 0 in Fig. 2(b) ). This shows that the pn junction gives a large contribution to the total device resistance, despite the sizable device length (1.8 µm in total). In particular, the pn junction contribution significantly larger as compared to previously studied pn and pnp junctions on SiO 2 substrates.
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Fig . 2(a) further shows that the resistance also oscillates as a function of V 1 and V 2 when a pn junction is formed, in a way resembling the behavior of graphene pnp junctions on a Si/SiO 2 substrate. 19, 24 In that case, the oscillations were shown to originate from FabryPerot interference of Dirac electrons moving ballistically within the (≈ 100 nm long) cavity defined by the pnp region. 19, 24, 25 In our device, Fabry-Perot oscillations occur in cavities formed by the pn junction and each of the two interfaces with the metal contacts, where carriers are also backscattered. 26, 27 Our device therefore consists of two Fabry-Perot cavities 
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An estimate of the oscillation period ∆n (i.e., the distance in density between two nearest resistance peaks or dips) is obtained by imposing that the dynamical phase acquired by an electron wave propagating back and forth in the cavity is equal to 2π, i.e. ∆(2k F,i L i ) = 2π
(the subscript i = 1, 2 label the region). As k F,i = √ πn i , we obtain ∆n i = 2 √ πn i /L i (note that several previous references 19, 24, 28 reported an incorrect expression,
differing by a factor of 2 from ours). The dotted line in Fig. 2(c) represents the values of density is needed to compensate for this effect.
The evolution of the oscillation phase upon increasing magnetic field B (see Fig. 3) provides further evidence for the Fabry-Perot nature of the interference. 19, 24, 25 Fig. 3(a) shows the B-dependence of the oscillations upon changing n 1 at fixed n 2 = 2.82 × 10 10 cm −2 (i.e., by changing V 1 and V 2 along the dashed line depicted in Fig. 2(a) ), which exhibits a π phase shift at B ≡ B * ≈ 20-30 mT (varying n 2 at fixed n 1 gives comparable results). As discussed for pnp junctions, 19, 24, 25 the phase shift originates from the unique properties of Dirac electrons, namely the angular dependence of the reflection probability at a pn junction, 29, 30 and the accumulation of a π Berry phase along momentum-space trajectories that enclose the origin. 31, 32 For a given position of the Fermi energy, the electrons contributing predominantly to the Fabry-Perot resistance oscillations are those incident on the pn junction with a certain transverse momentum (k y0 ; the specific value depends on the density profile across the junction). 24, 25 Upon increasing the perpendicular magnetic field, the electron trajectories in the Fabry-Perot cavity are bent, and -in momentum spacethey eventually enclose the origin. 24, 25 When this happens, an additional Berry phase π is acquired, causing the phase shift in the resistance oscillations. For 100 nm long pnp junctions on substrate, the shift was found to occur at B * ≈ 2 k y0 /eL ≈ 250-500 mT.
Assuming a comparable value of k y0 (within a factor of 2-3), this is consistent with our observations: the phase shift occurs at an order of magnitude smaller B *
20-30 mT,
corresponding to an order of magnitude longer cavity.
Finally, we discuss the characteristic energy scale of the resistance oscillations. Fig. 4(a) shows the differential resistance measured as a function of bias V DC and density n 1 . Systematically, the position of the resistance peaks shifts linearly upon increasing V DC , as expected for Fabry-Perot interference. 26, 27 The shift is also illustrated by Fig. 4(b) , which compares measurements taken at V DC = 0 and 5.2 mV. From both Figs. 4(a) and 4(b), the bias needed to shift a maximum of differential resistance into a minimum is approximately 5 meV. We have also looked at the energy dependence of the oscillation by changing temperature, and found that the oscillations are washed out at about 40 K (≈ 3.5 meV). Since, owing to the non-uniform charge density, the level spacing in the cavity is somewhat larger than the particle-in-a-box value hv F /2L ≈ 2.5 meV (with L 1µm and v F = 10 6 m/s), the energy scale found in the experiments is consistent with the simplest theoretical estimate.
We conclude that the behavior of our device is consistent with the presence of a pn junction, and with transport occurring in the ballistic regime over a length comparable to the device size (1.8 µm). The measurements therefore confirm that the fabrication technique that enables the realization of suspended graphene devices with local bottom gates preserves the high quality of the material. In the future, this technology will be applied to realize new graphene devices relying on the local control of the electrostatic potential and electric field, such as the nano-structures needed for the study of Veselago lensing, 33 of collimation of electrons, 34 and of topological confinement.
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